A comprehensive analysis of the crystal structure of n-diamond has been carried out based on a hydrogen-doped (H-doped) diamond model using first principles calculations. In particular, hydrogen concentration dependent elastic constants and lattice parameters for the H-doped diamond have been analyzed. Our results indicate that when the hydrogen concentration is less than 19 at.%, the H-doped diamond is mechanically stable. When the hydrogen concentration is about 4 at.%, the optimized lattice parameter, simulated XRD pattern and electronic properties for the H-doped diamond are all agree well with the corresponding experimental values of n-diamond. The results imply that the n-diamond is likely to be an H-doped diamond.
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To understand the transition mechanisms and to explore new pathways to diamond, a unique procedure was designed by Hirai and Kondo in 1991, and a new possible allotrope of carbon, n-diamond, was found [1] [2] [3] . Their experimental results indicated that the lattice parameter of n-diamond is close to that of cubic (Fd 3 m) diamond and many reflections in its electron diffraction pattern match that of cubic diamond except for some forbidden reflections (e.g. {200}, {222}, {420}). To date, a variety of techniques have been developed to produce the n-diamond [3, 4] . In addition, n-diamond has been found on oil [5] and stratum [6, 7] recently, and the list of its current and potential applications continues to grow.
Despite the successful synthesis of n-diamond using different approaches [3] , the crystal structure and stability of n-diamond is still unclear. To date, all crystal structure models for n-diamond are flawed in one way or another [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . For example, based on the electronic diffraction (ED) data, Jarkov et al. [23] and Konyashin et al. [24, 25] suggested that the n-diamond is face-centered-cubic (FCC) with space group Fm 3 m and lattice parameter 3.57 Å. However, first principles calculations indicated that FCC carbon with lattice parameter 3.57 Å is a mechanically unstable structure [8] [9] [10] [11] [12] . Instead of the FCC structure, Hirai et al. [13] proposed that the n-diamond is a modified form of diamond, which is composed of hexagonal-ring-planes puckered in the opposite direction to that of cubic diamond. This model also describes a mechanically unstable structure. Recently, two crystal models of n-diamond, one named the 'glitter' model and the other one a carbon-hydrogen compound CH x in the zincblende structure, were suggested by Bucknum [14] and Cowley [26] , respectively. However, the simulated X-ray diffraction (XRD) pattern from 'glitter' models cannot reproduce the experimental patterns, and the carbon-hydrogen compound CH x in the zincblende structure is also mechanically unstable [15] [16] [17] . Based on a catalyzed carbon black method [3] , the n-diamond was studied in detail by our group [3] , and two additional crystal structure models of n-diamond were suggested, one is a defective diamond model [21] and the other one is a mis-layered diamond model [22] . As it was demonstrated, these two n-diamond models are also mechanically unstable.
In most cases, the synthesis of n-diamond has been made in the presence of hydrogen [26] , and the n-diamond is also a by-product of cubic diamond synthesis processing [27] . This implies that the n-diamond may be hydrogen doped (H-doped) diamond. To understand the crystal structure of n-diamond, in this Letter an H-doped diamond model has been studied using first principles calculations. Our calculated results for this model agree well with the available experimental results for n-diamond.
For our computational analysis of mechanical stability and electronic properties of H-doped diamond, we use density functional theory and the plane-wave pseudopotential technique implemented in the CASTEP package [28] . The ion-electron interaction is modeled using ultrasoft pseudopotentials [29] . The generalized gradient approximation [30] with the PerdewÀBurkeÀErnzerhof [31] exchange-correlation functional is used. The kinetic cutoff energy for plane waves is set to 500 eV. The k point separation in the Brillouin zone of reciprocal space is 12 Â 12 Â 12. To describe the H-doped diamond model, a virtual crystal approximation (VCA) [33] . The computed elastic constants for diamond phase are C 11 = 1053 GPa, C 44 = 564 GPa, and C 12 = 119 GPa, which are in close agreement with the experimentally measured values of C 11 = 1079 GPa, C 44 = 578 GPa, and C 12 = 124 GPa [34] . These results confirmed that the computational scheme utilized in this study provides a quite reasonable approximation. To verify the soundness of VCA application in H-doped diamond system, the lattice parameters and bulk module are calculated for H-doped diamond with hydrogen concentration of 3.125 at.% by using supercell method [35] . The computed lattice parameters and bulk module by supercell method are 3.577 Å and 387 GPa, which are in close agreement with the values of 3.589 Å nm and 394 GPa by using VCA method. These results further conformed that it is soundness to use VCA approximation in our present calculated system.
The hydrogen concentration dependent H-doped diamond lattice parameter and mass density are shown in Figure 1a . It is seen that with increasing hydrogen concentration, the mass density decreases while the lattice parameter increases. In the case of the H-doped diamond lattice parameter of 3.594 Å, which equals to the experimental lattice parameter of the n-diamond [18] , the corresponding hydrogen concentration is 4 at.% and mass density is 3.3 g/cm 3 in H-doped diamond, respectively. This implies that the n-diamond may be an H-doped diamond with hydrogen concentration of 4 at.%. Figure 1b shows the relationship between the hydrogen concentration and elastic parameters for the H-doped diamond. It is known that the mechanical stability imposes restrictions on the elastic constants for cubic crystals, and these restrictions are [36] :
As can be seen from Figure 1b , when the hydrogen concentration is less than 19 at.%, the H-doped diamond is mechanically stable. This means that when the hydrogen concentration is less than 19 at.%, the H-doped diamond is in a metastable phase. As seen from Figure  1c , the calculated electronic band structure implies that H-doped diamond with hydrogen concentration of 4 at.% is a conductive material, and this agrees well with the experimental results for ndiamond [3] . To study thermodynamic properties of H-doped diamond, heat of formation of H-doped diamond with respect to H 2 and diamond has been calculated by using the following equation:
where E Cm H ð1ÀmÞ total refers to the total energy of an C m H ð1ÀmÞ primitive cell that includes m C atoms and (1Àm) H atoms with equilibrium lattice parameters, E diamond is the total energy of a C atom in the pure diamond with equilibrium lattice parameters, E H 2 is the total energy of an H atom in H 2 . The calculated heat of formation for H-doped diamond is shown in Figure 1d , and as can be seen, in the hydrogen concentration range from 0 to 22 at.%, with increasing hydrogen concentration, the heat of formation increases monotonously with all the values positive. This implies that the synthesis of H-doped diamond from diamond and hydrogen is endothermic, or a high energy processing is needed.
To provide further evidence that the n-diamond structure is an H-doped diamond, XRD patterns of H-doped diamond with hydrogen concentration of 4 at.% have been simulated using a CaRIne Crystallography 3.1 program [37] . The experimental n-diamond XRD pattern [18] and the simulated XRD patterns for H-doped diamond are shown in Figure 2a and b, respectively. As shown in Figure 2a , the experimental XRD patterns not only include n-diamond peaks, but also include some other non-n-diamond peaks due to the mixed sample from catalyzed carbon black method. The detailed description of catalyzed carbon black method can be found in [18] . In brief, an admixture of the carbon black N231 powders and colloidal Fe(OH) 3 were compressed into an open stainless steel tank of 100 ml capacity, with a 10:1 mass ratio of carbon and iron in the mixture. The tank was first maintained at 300°C for 100 min and sealed in air. Then it was maintained at 1100°C for 30 min and finally cooled to room temperature in the furnace. After washing with distilled water, the n-diamond powders were dried in an oven at 110°C. The final n-diamond powder sample was obtained. Therefore, the final n-diamond samples not only include n-diamond, but also include catalysis a-Fe, and by-product graphite etc. If we do not consider the intensity of XRD peak, the simulated XRD peak positions agree well with our previous experimental data for n-diamond [18] .
In summary, an H-doped diamond model has been developed by using first principles calculations and applied to the analysis of the crystal structure of n-diamond. Our results indicated that when the hydrogen concentration is less than 19 at.%, the H-doped diamond is mechanically stable. When hydrogen concentration is about 4 at.%, the optimized lattice and simulated XRD pattern agree well with the experimental data for n-diamond. The results obtained for the electronic band structure implied that the H-doped diamond with hydrogen concentration of 4 at.% is a conductive material, and this also agrees well with the experimental results for n-diamond. Therefore, the n-diamond structure is likely to be an H-doped diamond.
